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Executive Summary

The implementation of a high-resolution TRIP river-routing model within the GloSea6
seasonal prediction system establishes an improved basis for evaluating how refined
freshwater pathways alter upper-ocean structure, atmospheric mean states, and prediction
skill across seasons. Building on prior short-hindcast experiment in the last year, this
assessment leverages the APCC testbed to examine numerical stability, reproducibility, and
quasi-operational performance. The high-resolution TRIP configuration produces clear summer
improvements in the eastern Indian Ocean—reducing unrealistic freshwater spreading,
enhancing vertical salinity stratification, and reducing SST biases—while coastal responses
include improvements near the Amur River and mixed outcomes near the Yangtze due to
complex local dynamics. Large-scale circulation regions such as the Pacific and
ENSO-dominant region show limited sensitivity to freshwater restructuring. Winter impacts are
weaker overall, with minor high-latitude cold-bias reductions that do not lead to improved
ACC-based prediction skill. APCC testbed experiments confirm operationally stable run-time
behavior with only manageable blow-up events. Collectively, the implementation maintains
large-scale prediction skill while improving upper-ocean and coastal features in key regions,
providing a technically validated foundation for future operational adoption and further
optimization of river-discharge processes.

This study evaluated the predictability and applicability of high-resolution forecast data
from the perspective of extreme climate prediction. Two cold wave and two heavy rainfall
cases were analyzed to assess whether forecast skill improved compared to the operational
system. For the cold wave cases, both events showed improved representation of low
temperature over complex terrain, which can be attributed to the enhanced topographical
detail captured by the higher resolution. In addition, the large-scale circulation patterns
associated with cold surges were more realistically simulated at longer lead times. However,
direct prediction of cold anomalies was limited because the model hindcast used to compute
anomalies exhibited a strong cold bias, which suppressed the simulated temperature deviations.
When the observed climatology was used instead of the model hindcast, both the circulation
fields and the Extreme Forecast Index (EFD-based cold wave predictions showed notable
improvement, demonstrating the added value of the high-resolution forecast data.

For the heavy rainfall prediction, contrasting results were obtained between the two
cases. In heavy rainfall event of July 2023, the high-resolution forecast successfully
reproduced favorable conditions for extreme rainfall at 3-4 week lead times, outperforming
the operational model. Although the predicted rainfall anomalies were slightly displaced
northward compared to observation, the high-resolution model reproduced organized heavy
precipitation, which was also reflected in improved EFI prediction. In contrast, for the 2022



heavy rainfall event, neither the operational nor the high-resolution forecast captured the
occurrence of the extreme rainfall, indicating that increasing spatial resolution alone does not
guarantee improved forecast skill for all extreme precipitation events.

A seasonal verification framework was established for the objective assessment of climate
prediction model performance, specifically targeting the Arctic climate and the East Asian
monsoon system. This verification framework incorporates diagnostic elements tailored to each
climate mode, moving beyond simple statistical verification. Quantitative improvement rates
for diagnostic elements are displayed via a scorecard, facilitating an intuitive comparison of
model performance shifts. The framework not only serves as a universal basis for model
evaluation but also provides a scientific insight to guide model development and enhancement.
To demonstrate its utility, a preliminary comparative assessment was conducted on the
forthcoming prediction system, GloSea-GC5.0, against the current operational system,
GloSea6-GC3.2.

Diagnositics of the Arctic climate reveal that the interannual variability of the winter
Arctic Oscillation (AO) index has improved by more than twofold. Furthermore, the process of
AO development driven by late autumn Eurasian snow cover shows improvements in
simulating patterns resembling the negative phase of the AO over the Eurasian continent.
While these results appear to be driven by slight improvements in upper-level zonal wind
anomalies and the intensity of low-level downward Eliassen-Palm (E-P) flux, the model still
underestimates the stratospheric polar vortex structure and wave propagation, indicating weak
troposphere-stratosphere interaction. Regarding sea ice, although the model underestimates
the magnitude and extent of Arctic warming associated with Barents-Kara Sea ice loss,
improvements in the regional vertical temperature profile and barotropic structure have led to
a better simulation of the winter Warm Arctic-Cold Eurasian (WACE) pattern. However,
compared to ERA5, the model exhibits a shallower and weaker vertical structure and fails to
simulate significant upper-level wave propagation patterns. This limitation hinders the
transmission of Arctic surface forcing through the upper atmosphere to the mid-latitudes.
Therefore, to enhance the simulation of Arctic-mid latitude teleconnection, it is necessary to
improve the representation of physical processes, specifically the vertical structure of the
Arctic region and upper-level wave propagation.

For the East Asian summer monsoon, GC5.0 showed a reduction in the mean monsoon
rainband bias compared to that in GC3.2, attributable to an improved representation of the
North Pacific subtropical high. However, a deterioration in the prediction skill for interannual
variability of East Asian precipitation was observed, likely due to an increased bias in
tropical-extratropical teleconnection, such as the Pacific-Japan teleconnection pattern.
Meanwhile, the simulated winter mean temperature over East Asia suffers from a cold bias,
accompanied by a deeper East Asian trough and a more accelerated and southward-shifted
jet stream. The improvement in prediction skill for the interannual variability of surface air



temperature stems partly from enhanced climate mode predictability and internal responses. In
both models, the simulation of the Siberian high and its associated monsoon dynamics
remained problematic, which is a critical source of error that limits the overall predictability
of the East Asian winter monsoon.

This study addresses the limitation of traditional climate model evaluation system relying
heavily on hindcast data, which can overestimate actual forecast performance. A
python-based verification package (FcstVerif), featuring a comprehensive web dashboard, was
developed to directly evaluate and visualize the real-time forecast performance of seasonal
prediction models. The package automates the process of data preprocessing, score
evaluation, and visualization across various atmospheric variables and climate indices (ENSO,
IOD). Applying this system to the KMA’ s GloSea6GC3.2 model (Jan 2022 - Dec 2024)
revealed a significant in global sea surface temperature (SST) prediction accuracy (ACC)
starting from the October 2022 initialization. This improvement is considered to be attributed
to the doubling of the forecast ensemble size (from 42 to 82) with a notable reduction in
cold-bias in the Southern Hemisphere, demonstrating the package’ s utility in continuously
monitoring and confirming the efficacy of model improvements in operational forecast.

As the demand for sub-seasonal climate forecast information continues to grow, the
importance of accurate climate prediction is also increasing. The accuracy of climate forecast
system is primarily assessed using hindcasts representing the potential maximum forecast skill,
which is known to differ from the that of real-time forecasts. In this study, the predictability
and uncertainty characteristics of key climate modes affecting the Korean Peninsula on a
sub-seasonal time scale were diagnosed. It was found that the predictability of summer
climate modes is difficult to utilize directly due to the poor skill. Based on the diagnose
systematic bias characteristics, an indirect utilization method through statistical correction was
proposed. For winter climate modes, predictability was evaluated based on spatial
predictability, and the optimal lead times for individual climate modes were identified and
presented. The proposed methods for utilizing climate mode predictions, derived from a series
of research results, are expected to improve the prediction skill and utility of operational
forecast data. Additionally, the results can provide clue for resolving issues in the climate
forecast system.
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{ GloSea6-GC3.2 }

UM (Atmosphere)

IAt:15 min.

OASIS

1 hourly
(coupler)

CICE (Sea-ice)
t At=20 min.

At=15 min.
(Sub)surface runoff

At=3 hr.

River number (Sub)surface runoff

At=3 hr.
River flow
Sequence data

Direction data
River storage Storage data

Figure 2.1. Schematic diagram of component models in GloSea6, including the
atmosphere (UM), ocean (NEMO), sea-ice (CICE), land surface (JULES), and river
routing (TRIP), and their coupling through OASIS.
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Table 2.1. Experimental design for operation (OPER) and high resolution TRIP-coupled
(TRIP) experiments used in this study.

OPER TRIP
Z71'd# o 52(5/9,17,25,6/1) B A<3(11/9,17,25,12/1)
71%k Hindcast 713t 1993-2016 (F 243)
227 7F 1444
PEE 3
Meandering 1.4 0.525
SH = A
Velocity 0.4 0.5
sH = 1° x1° 0.5° x0.5°
3 = 7] N216(~60km)
3 ¥ ORCA0.25(~25km in equator)
(a) River sequence (b) Outflow direction
OPER (106g) TRIP (0.5069) OPER (1deg)

140E

T T T T
120E 140E 100E 120E 140E 100E 120E 140E 100E 120E
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(c) River number (d) River storage (May)
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Figure 2.2. Comparison of (a) river sequence, (b) outflow direction, (c) river number,
and (d) river storage in May between the OPER (1° ) and TRIP (0.5° ) experiment.
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Figure 2.3. Time series of total river outflow at major river mouths (Yangtze, Amur,
Mississippi, Congo, Ganges, and Amazon) for the OPER and TRIP experiments during
1993-2016. The central panel shows river storage and the geographical locations of the river
basins.
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Figure 2.4. Time series of total river outflow over Asia (60° -150° E,
10° S-60° N) for the OPER and TRIP experiments during JJA 1993-2016.
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Figure 2.5. River storage over Asia (60° -150° E, 10° S-60° N) during
JJA for the OPER and TRIP experiments.
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Figure 2.6. (a) Surface salinity over the Indian Ocean and (b) vertical salinity

averaged along 5° S-5° N,

TRIP-OPER difference during JJA 1993-2016.
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Figure 2.7. Vertical zonal current averaged along
5° S-5° N from OBS, the OPER-OBS difference, and the
TRIP-OPER difference during JJA 1993-2016.
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Figure 2.8. Sea surface temperature from OBS,
the OPER-OBS difference, and the TRIP-OPER
difference during JJA 1993-2016.
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Figure 2.9. (a) River number and (b) river outflow for the OPER

and TRIP experiments during JJA.
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Figure 2.10. Time series of total river outflow over Maritime continent (90° -110° E,

10° S-10° N) for the OPER and TRIP experiments during JJA 1993-2016.
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Indian rainfall [60-90E, 5-30N] OBS JJA (0.75%std)
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Figure 2.11. JJA rainfall over Indian region (60° -90° E, 5° -30° N) and the classification
of strong and weak monsoon years based on +0.75 standard deviation during 1993-2016.
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(a) Strong monsoon
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Figure 2.12. Composite vertical salinity structures averaged along 5° S-5° N
for (a) strong monsoon years, (b) weak monsoon years, and (c) their
difference (strong-weak), based on OBS, OPER-OBS difference, and
TRIP-OPER difference during JJA 1993-2016.
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Figure 2.13. Composite differences (strong-weak monsoon) of vertical salinity, zonal

current, temperature averaged along 5° S-5° N, showing OBS, OPER-OBS difference, and
TRIP-OPER difference during JJA 1993-2016.

_18_



1.0

Y &)
° O
0.8 A D A A
A A
O g
0.6 -
O
O
0.2 .
OPER @® Salinity
P A U current
TR O Temp
0.0 T T T

Strong Weak Diff

Figure 2.14. Anomaly correlations of vertical salinity, zonal
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OPER and TRIP experiments against OBS during strong
monsoon years, weak monsoon years, and their difference
strong-weak).
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(a) SFC salinity
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(b) Vertical salinity
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Figure 2.15. (a) Surface salinity over the Pacific and (b) vertical

salinity averaged along 5° S-5° N,

showing OBS, the OPER-OBS

difference, and the TRIP-OPER difference during JJA 1993-2016.
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(a) SST (b) Vertical temperature
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Figure 2.16. (a) SST over the Pacific and (b) vertical temperature
averaged along 5° S-5° N, showing OBS, the OPER-OBS difference,
and the TRIP-OPER difference during JJA 1993-2016.
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Figure 2.17. (a) Surface salinity over the Pacific and (b) 5° S-5° N
averaged vertical salinity from OBS, the OPER-OBS difference, and
the TRIP-OPER difference during DIJF.
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(a) SST b) Vertical temperature
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Figure 2.18. (a) Surface salinity over the Pacific and (b) vertical
salinity averaged along 5° S-5° N, showing OBS, the OPER-OBS
difference, and the TRIP-OPER difference during JJA 1993-2016.
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Figure 2.19. Time series of Nino3.4 index for observation, OPER and TRIP during (a) JJA
and (b) DJF 1993-2016.
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Figure 2.20. (a) Surface salinity and (b) SST and wind stress over the East Asia from
OBS, the OPER-OBS difference, and the TRIP-OPER difference during JJA
1993-2016.
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Figure 2.21. (a) Surface salinity and (b) SST and wind stress over the East Asia from
OBS, the OPER-OBS difference, and the TRIP-OPER difference during DIJF
1993-2016.

2.3.3. tj7] ¥k&

2331 H+ 3

oAl Aol At TRIP 2 g0l sl 4% Txol MXE 93¢ TR BAsG & 4
NAE olefF % Maksh 7] WA olw Aoz ATHYEAE FAS] 93 oA
4 e Ao B oA WsE Bolskdth TRIPY 1344 G A% 2 43 sl
F2 JetEs fy] B 1 9% JuRom os 288 sHs4el Atk o
B A%k B39 24ol B4 Ao 9, FEAY nAY WSS 2T FsHe EARG

o234 7]&(Figure 2.222)& AHEH, FolAjo} Z - = A¢ T AT B Ao
Al TRIPe] OPER tiu] ¢t 2% o3 A& Btk 53] ofp=7 p

3 Aole] cold bias 37 ZSurEEA A A% OPER the] €% o317}

gFo] geldtt Tyl o]#d Wal: Ao E AFHo|H, d2H Uy] AN BA =

_26_



g2 AW ZY2, OifdE FF T T8 849 W JdEEs & "ol oflth 483 ZF
(Figure 2.22b)9] A-f-ol= W37F H5 vefsith. Fopro A5 Aoe 2 <8, 234
A, TR T 5 EReta Bl gl o8| A4s =2 TRIP-OPER 7+
T 2 Zbols tiFE wAR & 2FTh dF dAtdlAE SST Wt e FAS A
= WEE ofsiAl &gt X4 g 2t 2AHV|E o, stHoR dakd A
A UEhA e

Aed W akFigure 2.23a)8 AW RW, OPERAAE Hubs 19%ollA A&2 <L
cold bias7t vebdth 71& AF(el: /A T, 202204 % o]HT o= wEY 2 AW &
T2 Ao @Ak #dE o= Hud v o & A7olA= TRIP 48 % OPERe| A
<3 cold bias7} IF AGeAM ¢3tEE Ao FRAHAT ol FHFE WS BEFFRE,
A EFY2, £HY 22X S0 4% WIE FEIS THeAdS ARG A Bl
b A& 8ol FIstH ozt Wzte] et = i, w5 A Aol ddud
ofBtZ olojd 4 Stk iRl £ AFelM s EdeE B w8Y AR U FF 24s

oA dgkr] W&ol olfdt s

223001 4= OPER7} Bolrlotsl BAelgarel 24 HutA oz 24 Fmos Yehe 7
gol #Z A B3 A BAHUT o= ALH A5 UFE AVNUA <8I 4

Z 3% Txo A H9HE=, mdo]| X
29l o= M HTh TRIPAAE ol2d 724 24 927 Fglah AA=AE dgton

Qe Aqol4 TRIP-OPER Aol veksiginh. AL s 2 thy] == dife 2@
o Yol ArjH o 7] WRol, AARE ZAVOE P 45 AL AAH O WA

71719l @A7F e Aoz dddEn.

_27_



(a) T2M
, 0BS (1993-2016)

0 30E 60E 90E 120E150E 180 150W120W90W 60W 30W 0

280 284 288 292

296

300

0 30E 60E 90E 120E150E 180 150W120W90W 60W 30W 0

(b) PREC
, OBS (1993-2016) . PRECJA

90N

60N -
30N {

0.-.

0 30E 60E 90E 120E150E 180 150W120W90W 60W 30W 0

1 2 3 456789
OPER-OBS

10
 PREC: JUA

0 30E 60E 90E 120E150E 180 150W120W90W 60W 30W 0

[ [ [ | T T T [ [ [
25 -15 -05 025 1 2 3 25 -15 -05 025 1 2 3
oon TRIP-OPER T2M;JA o TRIPOPER, ., . . . . PREC iJA
e— :
g TP .,
60N 13 60N - > = SRS >l
_ oS T ek "N R - §
g 5= L
30N 30N Sy )}9{( ‘ ONGA 7]
0 v S o hT N AL v 2 —
0 30E 60E 90E 120E150E 180150W120W90W 60W 30W 0 0 30E 60E 90E 120E150E 180150W|20W90W 60W 30W 0
B [ T B T T T [ [ 1]
-06 -04 -02 -005 0.1 03 05 -06 -04 -02 -005 0.1 03 05
Figure 2.22. Climatological mean (OBS) and model differences (OPER-OBS and

TRIP-OPER) for (a) 2m temperature and (b) precipitation during JJA 1993-2016.
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Figure 2.23. Climatological mean (OBS) and model differences (OPER-OBS and TRIP-OPER)
for (a) 2m temperature and (b) precipitation during DJF 1993-2016.
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Table 2.2. Domains used for the atmospheric skill assessment.

A < oF 2} 499
AT GL 0° -360° E, 90° S-90° N
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EfrepAal of NE 25° -75° E, 40° -80° N
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Figure 2.24. Anomaly correlation coefficient (ACC) for 2m temperature and
precipitation over the globe, tropics, Northern Hemisphere, northern Eurasia, North
America, and East Asia during (a) JJA and (b) DJF 1993-2016.
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Figure 2.25. Summary of the high-resolution TRIP model applied to GloSea6.
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Figure 3.1. Method for generating weekly forecast data (weeks 1-8) targeting
23-29 January 2023 in the operational prediction system.
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Figure 3.2. Daily evolution of temperature from December 2022 to
February 2023
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Figure 3.3. Weekly mean 2-m temperature during 23-29 Jan 2023 of observation (left),
operation (OPER; top), and high-resolution forecast (HRES; bottom). The OPER and HRES
correspond to lead time of 3-6 weeks.
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Figure 3.10. Same as in Figure 3.3 except for 2-m temperature during 3-9 February 2025
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Figure 3.11. Same as in Figure 3.3 except for 2-m temperature anomalies during 3-9
February 2025
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3-9 February 2025
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Figure 3.13. Observational (top) mean sea level pressure
(MSLP) anomaly, (bottom) 850-hPa wind (vector), and
meridional wind (shaded) during developing stage, and
outbreak stage.

AA uH*PE l% AsolAe &8 =g AH Rt g A 15:H A H
T dFAR7t dS5ste WrIgH stE ubE HAES ’%J%E}k‘?}(Flgure 314). 33 A A=
NxeE I isﬁ%c ASAFANA BF FUASF ZF AVl & BojH ot 45 A
A dSolXe BEoiAY 3 A7Idel i —Féi G0 2 ROFHUATE WY E dFA
S5 499 AR 3RS BolARE EOiA S 2F A7t AEE dPET ta ASH
Zojatatt. AYARE S5FdAE A A E BT EUAY Z2F AVGE F 2ostA
Atk 6F 2 d oM e ?ﬂ_%‘oﬂﬁ el A o8& A7|%to] nAE dSA s Es oFg
AR EAE]OM

_11}1

¢

o

it

@} A Fol HUAY EF A7Igte] FAHBA F-9F A Roolq BRA]
JeRdthFigure 3.15). A Agtel 714 AL 3F A oZolAE e

oA A7 B=Ael FEt A UEhdt 45 A oqlioﬂfﬂ%
Aol AAE TARE dESARA o AeA molH, B

A AP waANE
ZARNH BF ofstn AEow XA Yeuth 55 2 041 AME ot 177 w83 o
2

ZoAet r7IA R F AR BT #5 =3He &
A Ze AH7YA 83 E2Ho] 2T ml$ oA Y=
of vla] #Z FAE =8Ago] BFH AT

_43_



+w04 +w05 +w06

MSLR Asom, (HAES) Sworks load (1t daso. J024120]

| o CEMESENEERES- )

Flgure 3.14. MSLP anomalies of OPER and HRES durmg developing stage (1 week before
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Figure 3.19. (Top) Longitude-time plot of 500-hPa geopotential height, (Middle) latitude-time
plot of 500-hPa geopotential height, and (bottom) latitude-time plot of 500-hPa meridional
wind in case of extreme cold in January 2023.
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Figure 3.20. (Right) 2-m temperature anomaly of observation,
(Left) 2-m temperature EFI of OPER and HRES for 23-29
January 2023
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Figure 3.21. Same as in Figure 3.20 except for 3-9 February
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Figure 3.22. Weekly precipitation (mm/day) during 8-14 August 2022
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Figure 3.24. Same as in Figure 3.22 except for precipitation ratio to climatology
(%)
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Figure 3.25. 500-hPa geopotential height anomlies (shaded), 850-hPa wind
anomalies (vector), and 5880 gpm (red contour) of observation, OPER, and
HRES during 8-14 August 2022
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Figure 3.26. Same as in Figure 3.25 except for outgoing longwave radiation
(OLR)
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Figure 3.27. Same as in Figure 3.22 except for precipitation (mm/day) during
10-15 July 2023
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Figure 3.28. Same as in Figure 3.22 except for precipitation anomalies (mm/day)
during 10-17 July 2023
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Figure 3.29. Same as in Figure 3.22 except for precipiation ratio (%) to
climatology during 10-17 July 2023
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Figure 3.30. Daily evolution of precipitation from 1 July to 25
July 2023 over South Korea (124.5E~129.5E, 34N~38.5N)
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Figure 3.31. (Top) Daily precipitation, (middle) stretch deformation, and (bottom)
500-hPa geopotential height anomalies (shaded), 850-hPa wind anomalies
(vector), 5880 gpm (red contour) of observation from 13 July to 16 July 2023
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Figure 3.32. Same as in Figure 3.31 except for OPER with 6-weeks lead
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Figure 3.33. Same as in Figure 3.31 except for OPER with 5-weeks lead
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Figure 3.37. Same as in Figure 3.31 except for HRES with 5-weeks lead
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Figure 3.40. Summary of assessment of high-resolution forecast data performance
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Figure 4.1. Workflow of the seasonal verification framework for the Arctic climate (left) and
East Asian monsoon system (right).
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oltt. 7 EYY fHEE EF sttt AHEd B2l A5+ 1993/4-2016/7'3 ] HindcastZ,
oA 5H6-7-8Y) Am= 4€ 25¢, 5¥ 1¢, 59 9¥¢ &, ALHE(12-1-29) Ax+= 10€ 25¢, 11
2 1¢, 119 9¢ & x71Zo 2 3ih. HF B4+ 3/Me 7] @22 =2d T A
£ 9H, &, F 2109 E WHE 543 THEAE AE B AEE AHERY =Y A
< 934 ERA5, HadISST (Sea ice concentration), NCEI (Snow cover extent), OISST (Sea
surface temperature) 52 #5 ¥ A4 A5E 2 AA] @A Wilste &85t

Table 4.1. Key descriptions of GC3.2 and GC5.0.

Version GC3.2 GC5.0
Atmosphere/Land GA7.2/GL8.0 GAL9.0

configuration (UM11.5/JUELS5.6) (UM13.1/JULES7.1)
Ocean/Sea ice G0O6.0/GSI8.1 GOSI9.0
configuration (NEMO3.6/CICE5S.1.2) (NEMO4.0.4/SI3 4.0.4)

Horizontal

) N216/eORCA025
resolutoin

t7]: L85, XH: 4 levels & multiple snow layers

Other resolution ) ] _ .
s oF: L75, 3" 5 categories, 4 ice layers, 1 snow layer

B =293 &3 sy 542 7] 3F 9% WIE S FH=E =3 71 23
5 S/, 53 Aed ESXFA0H AsdA-dFd FEAE8S Fekrlor Ui 3
o @ ZMd3 ZAA=R(Jaiser et al. 2012; Han and Sun 2018; Park et al. 2020). ©]#3F B=-
THE dA4He] A3 Boj= A-AS AGE e 4 94E L& AFEY 4=
AR7E ashd, oA 7tA V| FdERde dA4H WAUSS 4438 FHEA Kate B
MAE FHo] @ FHkHonda et al. 2009; King et al. 2015; Jung et al. 2017; lida et al. 2020;

Li et al. 2023). o] APCCE AE A% AAE TH3] 29 Aol 42 o2 54 Ao
8 J1FoR AusHTA HAL, olf FeME BF JFel mE 7] ST S Y
(GloSea-GCHe] B9 Ass Y 715 F A 2=8(GloSea6-GC3.2) 7 Hlwste] AA st o
M, 2 B3 A% B3 Y £ 2o A%E FHoE mdl 534S Pk

421, ¥l ALE 7| HE F8 =
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Figure 4.2. (Left) Spatial patterns of the three leading EOF
modes of wintertime T2M anomaly in NH(30'N) without
detrending. (Right) Normalized time series of the principal
components (black) and indices (red and green). The second
and third EOF modes are conducted with detrending to better
elucidate the pattern.

Figure 4.2= A<3d BHFH30N o4 2m 7|2 WE5A9] 3712 EOF REE HoZr}) o
A7HA BREs AA #4k9) o 60%E A8k, 2k REE afMste AL AeE AR 79
A MEAE AWt HES FASEH guivt dS AR AZAHET. QER AAES
EOF PC NAIE S RoFH 2, 3HA === detrenddte] Yeldth A WA EOF gge B2
A dRke] 2wl 2dst HESs YEH P 52 7 vtdl=-tet & dEelAd o
Ebdtt dgete AAIES 24 7IEEE FEE o FAE BT, ol Ku et al. 2025

o B FF AF FA9 wle A Aot F WA EOF BREv HfgAlolet Hr] o
FoA &9 71L& oy E YEh L, TUFEA %o 7] oy E YEhE t %3
¢l 712 3j"o] EXolth. EOF2+ AO A AAIEH -0.859 & HAHAAAE Holw J9
2= A5y #AAFHO FAS 8-S ®AtHNagato and Tanaka 2012). Al WA EOF €&
BO (Barents Oscillation, #F#l = 1) s d3stH nlal =-71e} sfjef X & Alo], f-2hA ol
2o A9 Alolo A Al 7|2 dEg HAth Kug et al. 20159 w2, EOF3+ vf#dl =-
72t si(BK)e] B= 2dstel 2@y BAE 7HA A Atk old wmEt 5= 7]2(ART) A&
APATet sdA F stk ARTL, wvkall=-7k2} s A H[70-80'N, 30-70°E] H+ T2M A
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. EOF3 PC AAI€3 ART1 Ao+ 0.639 2 AHAAE HE<d. EOF PCl3 =4,
EOF29} EOF3¢] AA9e FH% Zd WEAHS HolFo] 1y WS RER TEHE 54
& BT WA of AFo|ME EOF29 EOF3 REo] i B7h 8 BAe 248 2ol

71 <3t

4.22. 55 F (AO)

AQO [TCC GC3.2 = 0.25, GC5 = 0.51]

standardized

1993 1897 2001 2005 2009 2013

Figure 4.3. Normalized time series of AO index from ERA5(black),
GC3.2(blue) and GC5(red).

AA, B AL 7L wWEol T WA EOF RE9 & A4%S Hol:= A0 29 A%
< FUstE Y. AO A<= 20-90N<e] 1000hPa A1 %= ofx-wE]e] A HA EOF =& Ao
Hw, ERAS AJEAAES AO HHE Bd A% oo Fgste] md A0 AFE
A &9 Figure 4.32 Hindcast 7]17Fe] AO A AAIES Uehd Ao =E, GCHE ALH
AO A<= TCC7} 0.512 GC3.2Rt} 28] o]4e] TCCE vetum mde AW WHEA = /pA
< By
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Figure 4.4. Vertical structure of the zonal mean geopotential(Z), zonal
wind(U) and temperature(T) regressed on the AO index. The hatched
regions satisfy 95% confidence levels.
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Regression of snow cover anomaly against AO(DJF)
OCT _ NOV

-0 -8 6 4 -2 2 4 & 8 10

Figure 4.5. Snow cover extent anomalies regressed on the
wintertime AO index in October (left) and November
(right).
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FAES b Aew 10€97 g 11€994 583 zonal dipole HES 2 & 9t o]
wet 119 frekrlol w9 AFE o 2ol A3t

S
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EU SCE = SCA[43-53'N, 80-120°E] - SCA[45-55'N, 30-70°E]

EU_SCES} AO A= AAE 3o AaAlsE -0.712 & A4 AE Jehiy =718
Aol FEAH ASH 59 BF IAF 19 A3 BAAHES AT & JvhFig 4.2). ol B
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A8 JAZ AN =T, A0 FEFS HHE F ASS gt =7Fs fretrlol EE Y STkl
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fr=sted FHE fFetrlobe] ghat EAel 7otk 4 A JAoHGong et al. 2003; Cohen et
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Composite difference b/w SY and WY
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Figure 4.6. Composite differences of sea level pressure (SLP), 200hPa
zonal wind (U200), 100hPa geopotential height (Z100) and 2m temperature
(T2M) in wintertime between high and low EU_SCE. Hatched regions
satisfy 95% confidence levels.
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Figure 4.7. Latitude-Pressure cross section of composite differences of the zonal-mean zonal
wind (shaded), E-P flux (vectors) and E-P flux divergence (contours) between high and low
EU_SCE.
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Polar Cap Height(PCH) Anomaly
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Figure 4.8. Time-Pressure cross section of composite differences
of the monthly mean area-averaged geopotential height anomalies
in the region poleward of 65N between high and low EU_SCE.
Hatched regions satisfy 90% confidence levels.
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SLP related to AO index
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Figure 4.9. Spatial patterns of the sea level pressure
(SLP), 500hPa geopotential (Z500), 200hPa zonal wind
(U200) and 2m temperature (T2M) in wintertime
regressed on the AO index. The hatched regions
satisfy 95% confidence levels.
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Figure 4.10. Spatial patterns of the mean bias (top) and ACC (bottom) of sea
ice concentration in wintertime. The rightmost column shows the difference
between models. The dotted regions satisfy 98% confidence levels.
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Figure 4.11. Monthly mean (a) and standard deviation (b) of sea ice concentration
(SIC) anomalies averaged over BK (70-80°'N, 30-70°E). The black, blue and red lines
denote the HadISST, GC3.2 and GCb5.
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Figure 4.12. Normalized time series of the BK SIC anomalies (left) and ART1 index (right).
The black, blue and red lines denote the OBS, GC3.2 and GCb5.
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Figure 4.13. Spatial patterns of sea ice concentration (SIC)
and turbulent heat flux (THF) anomalies regressed on the
November BK SIC loss and 2m temperature (T2M) anomalies
regressed on the ART1 index in wintertime. The dotted
regions satisfy 95% confidence levels.
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Figure 4.14. Longitude-Pressure cross section of 65-90N averaged T (shaded) and Z
(contour) anomalies regressed on the ART1 index in wintertime. The range of BK is
marked by white lines.
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Figure 4.15. Spatial patterns of 300hPa, 500hPa and 850hPa T and Z
anomalies regressed on the ARTI index in wintertime. The range of
BK is marked by green lines.
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Wave Activity Flux response to Nov BK_SIC loss
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Figure 4.16. Spatial patterns of 250hPa geopotential height anomalies (shaded) and wave
activity flux (vector) regressed on the November BK SIC loss in November (left) and DJF.
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Figure 4.17. Spatial patterns of the SLP, Z500, U200 and T2M
anomalies in wintertime regressed on the ART1 index. The
hatched regions satisfy 95% confidence levels.
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Figure 4.18. Hovmoller diagrams of 30-60'N averaged T2M
anomalies regressed on the ARTI index from October to March.
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ERAS B DJFERAS DECERAS _ JANERAS _ FEB

|
-36 -24 -12 -06 -03 03 06 12 24 36

Figure 4.19. Regression maps of DJF and monthly T2M (shaded), Z500
(contour) and U200 (hatched) anomalies onto the ART1 index. The
figures show the significant values above 90% confidence level.
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Figure 4.20. Arctic diagnostics scorecard and table for GC5.0 compared to GC3.2.
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Figure 4.21. Climatological mean (left column) for precipitation and 850-hPa wind (a;
mm/day and m/s; respectively), 500-hPa geopotential height (d; gpm), and 200-hPa zonal
wind (h; m/s). The other columns show model bias for GC3.2 and GC5.0; respectively.
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Figure 4.22. Climatological 200-hPa zonal wind
averaged over 100-150E for ERA5 (black),
GC3.2 (blue), GC5.0 (red). Horizontal dashed
lines indicate the latitude where the maximum
speed occurs.
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(a) Taylor Diagram (b) Taylor Skill Score
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Figure 4.23. Taylor diagram and Taylor skill score comparing the summer (JJA) climatology
patterns of GC3.2 (blue) and GC5.0 (red) over the East Asia region (20-50N, 100-150E).

_4<1+R>( ;)*2 _
S= 1R, o+ , Ry=1 [4.1]

Table 4.2. Pattern correlation (R) and standardized deviation ratio (¢) between observation
and each simulation, and Taylor skill score (S calculated by the two values.

Variable Simulation R o S
GC3.2 0.85 1.15 0.91
PRCP
GC5.0 0.90 1.12 0.94
GC3.2 0.73 1.24 0.83
SLP
GC5.0 0.80 1.08 0.89
GC3.2 0.54 0.85 0.75
u850
GC5.0 0.67 1.01 0.84
GC3.2 0.77 0.79 0.84
v850
GC5.0 0.77 0.88 0.87
GC3.2 0.99 0.80 0.95
7500
GC5.0 0.99 1.08 0.99
GC3.2 0.98 0.94 0.98
u200
GC5.0 1.00 1.11 0.99
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Figure 4.24. Time series of the East Asian summer monsoon indices for ERA5 (black), GC3.2
(blue), GC5.0 (red). Abbreviations are EAR, East Asian Rainfall;, WNPAC, Western North
Pacific Anticyclone; MW, Monsoonal Wind; PG, Pressure Gradient; and EAJ, East Asian Jet.
Values in parentheses are correlation coefficients with observations for each monsoon index.
Statistical significance at the 95% and 99% confidence levels is denoted by single and double
asterisks, respectively.
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Figure 4.25. Regressed precipitation (mm/day) and 850-hPa wind (m/s) anomalies on WNPMI in
GC3.2 and GC5.0.
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Figure 4.26. Spatial patterns of climate anomalies regressed onto different indices in
observation, GC3.2, and GC5.0. Top panel: Northern Indian Ocean (NIO) SST anomaly
field (K) regressed onto the observed NINO3.4 index for winter (December-January-
February). Middle panel: 850-hPa wind anomaly field (vectors; m/s) and its zonal
wind component (shaded) regressed onto the NIO SST index (SST averaged over 0-
25N, 40-100E). Bottom panel: Precipitation anomaly field (mm/day) regressed onto the
WNPML.

4.3.14. 8¢F ¥ E9

Figure 427¢ A2 2% AAE Ba =28 GC3.2 Ul GC5.09] FolAol 48 £ =
o Ao AFA AME®S A48T 2FolFEolty. 23olsted] TIFH 7 W} aat
oM AR WA, AGNEY, ZEAS 9 A48T A8 242 vgos dgHgion,
MAE AL B3 FAH FHE B2 CE Fasd "k BEA) B9, 500-hPa A§) %
oo A FRF A% Aol FAE, AduEe] AMe BejWF wolgke] AMBE B
Hof FolAel B A5me] mo 4%e A% FAAZATHFigure 4.21). 200-hPa B4 Hhge)
A% 99 A 2o 4% JAIAAW, AE/NFY F AN BSH | YA )
A® Zdo] glthFigure 421, 22). B4 AFE 71202 Bud AddEA 24 AL A

|
<o)
|



FHoIAFE A HJAL 5 SdtkFigure 4.24). Z=2Al2 3 4443 AAAHNA= 7L
271 GC5.091 4 B 2 43} 9l =Hl(Figure 4.26), o] EJF 25107129

GC3.27F 7HAAL &
Hrg s o] Yebdot HEFH o= GC3.2 tiHl GC5.00 thdk F8 e A3E Table 4.39F o]

Qoksly
[oFstAt
GC3.2 (CTL) vs GC5.0 (EXP)
INIT: 0425, 0501, 0509 [JJA seasonal mean (1993-2016)]
Mean Bias Interannual Variability Process/Teleconnection
PRCP uUs50 V850 sSLp Z500 U200 Jet-Axis EAR WNPAC MW PG EA) NINN?O:%A’ WSP WEI*;lAP—

T T T T T T T
-90 -75 -60 —-45 =30 -15 0 15 30 45 60 75 90
better (%) worse

Figure 4.27. Scorecard for quantitative improvement of East Asian summer monsoon

simulation in GC5.0 relative to GC3.2.

Table 4.3. Main diagnostic results for East Asian summer monsoon simulation
in GC5.0 compared to GC3.2.
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Figure 4.28. Climatological mean (left column) for 850-hPa wind and temperature (a;
m/s and K; respectively), 500-hPa geopotential height (d; gpm), and 200-hPa zonal wind
(h; m/s). The other columns show model bias for GC3.2 and GC5.0; respectively.
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Figure 4.29. Climatological 200-hPa zonal wind
(m/s) averaged over 100-150E for ERA5
(blue), and GC5.0 (red.
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(a) Taylor Diagram (b) Taylor Skill Score
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Figure 4.30. Taylor diagram and Taylor skill score comparing the winter (DJF) climatology
patterns of GC3.2 (blue) and GC5.0 (red) over the East Asia region (20-50N, 100-150E).

Table 4.4. Pattern correlation (R) and standardized deviation ratio (¢) between observation
and each simulation, and Taylor skill score (9 calculated by the two values.

Variable Simulation R o S

GC3.2 1.00 1.07 0.99
T2M

GC5.0 1.00 1.07 0.99

GC3.2 0.97 0.90 0.98
SLP

GC5.0 0.97 0.89 0.97

GC3.2 0.98 1.05 0.99
u850

GC5.0 0.99 0.95 0.99

GC3.2 0.96 0.95 0.98
v850

GC5.0 0.97 1.00 0.99

GC3.2 1.00 0.99 1.00
7500

GC5.0 1.00 0.99 1.00

GC3.2 1.00 1.00 1.00
1200

GC5.0 1.00 1.03 1.00
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Figure 4.31. Time series of the East Asian winter monsoon indices for ERAS5 (black), GC3.2
(blue), GC5.0 (red). Abbreviations are N-mode, Northern mode; S-mode, Southern mode; MW,
Monsoonal Wind; PG, Pressure Gradient; EAT, East Asian Trough; and EAJ, East Asian Jet.
Values in parentheses are correlation coefficients with observations for each monsoon index.
Statistical significance at the 95% and 99% confidence levels is denoted by single and double
asterisks, respectively.
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Figure 4.32. Spatial patterns of the northern mode and southern
mode (i.e., the first and second EOF modes) of 2-m temperature
(K) over East Asia (0-60N, 100-140E) for ERA5, GC3.2, and GC5.0.
Percentages indicate explained variance, and the pattern
correlation coefficient (PCC) is noted in the bottom right.
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Figure 4.33. Regressed fields of 2-m temperature (T2M; K), 850-hPa wind (UV850; m/s),
500-hPa geopotential height (Z500; gpm), and 200-hPa zonal wind (U200; m/s) onto the
Siberian High index (SHD. Results are shown for ERA5 (left column), GC3.2 (middle
column), and, GC5.0 (right column).
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Figure 4.34. Regression maps associated with the AO and NINO3.4 index for ERA5 (a,
d), GC3.2 (b, e), and GC5.0 (c, f). (Top panel) 2-m temperature (T2M; shaded; K) and
500-hPa geopotential height (Z500; contour interval = 3 gpm; thicker contour lines
indicate greater values) regressed onto the Arctic Oscillation index (AOID. (Bottom panel)
850-hPa wind and temperature (UVT850; m/s and K; respectively) regressed onto the
NINO3.4 index (NINO3.4D). Magnitude of vectors less than 0.1 m/s is omitted.
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Figure 4.35. Scorecard for quantitative improvement of East Asian winter monsoon simulation

in GC5.0 compared to GC3.2.

Table 4.5. Main diagnostic results for East Asian winter monsoon simulation
AA AF AA 719 GC3.2 th¥] GC5.09 F8 A A}
T W& 71 B 2wt Ayl AdWHEAd o E4 A
ool kSl AO/ENSO9| d&4d (A & 712 -5 7hA
&} BolAol J1E A3 A AE &9 M&-dE @
AR g Aol 3% E4 B BE B o s Be
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5. 7Z|F|E2E AAZIE HIAA 0L

5.1. |7ul7
AATH AFAN} AERHAA ADTFRE FHRA BT o= AL /e
T Aok Y. FAL ARG, ALFF 5 T ANPA RRAA AR AT A% S
W5t gom, ole wet AAS BEY AZHES YFHOE W

<
T
g9 ¢ s £ ASAAY 750l 2] AAE FAdsta v

MAZ 71 TFWMO)= AlE oS 7]3o] &53le
sttt dSA==o FH, dTEdY 4o, HAF5A3
S AAE vustAY AF5 HHES £58ste o 583 7ol v 7 oS 2de %
+=3te H7F ZEAN2E TF5E1] %5& AT HE Es] PgHo #5729 bolE Y A
A, A - AsARE F2F73 2 AR de FIF FdolzelE P57 A% =T #3
wAlo] oA ItHEyring et al. 2016a; Brounw et al., 2021).

JA(SVS-LRF)E Al Al
o] Slo] *I7H I

i o H <
pad
fixd
2
N
=
:Ll Y
o o\
_‘Tﬂ, o

-

ESMvalTool(Earth System Model Evaluation TooD2 #% 7|29 AFUET} F4l9]
Hol e AFA2Y 2l 35 F37F #7|AE, CMIP5, CMIP %Xﬂéfﬂ ]ﬁ] o A A4k
H 2d AEES JdFAE Aoz AAY - A - A Tgs & 5
o|t}. ESMvalTool2 o ZA| ~¥l 9] seasonal forecast =% HAZES
g vt A x Bolo] dAstE FI EA A vlae ARA - Ad
31 JATHEyring et al. 2016b). o} - &} 7| FAEHA M= 714 7]
- 59| hindcast 9= A%< Hlwsr] Y3 TF3H Hrl TEHAS T3 2 (APCC
2024), KIAPSOIAM = KMEd /A2s 93k HEEY =7(Korean Integrated Model
Analysis/Evaluation Tool; KAT)E T3+ nu} dthH(o] L3 2025). KAT= I Z, 27|91 A=
of E3l=o] glow, AH dFo i = B H HAL, 3?074} S sl 7k

HAEHOoZ 7|8 o= mdo FEyrlE F2 hindcast AEE 7|Hlo 2 S35 o] gt}
Hindcast 719t H7l= 22& 58 A4 2= 2 d

9} forecast= 2 #Fo| AlgEE= 3

= ksl mo A Zol7F ] W hmdcasMW Ezﬂ 50l *Elzﬂ forecaste] /353
28HA] &S 4 UthBarnstone et al., 2012). Risbey (2021)oA4+= hindcast 7]¥F X357}
forecaste] AA A< Ad FAHEZ F Jow, AgAoA ddHo= Fo3 HR
TxE R AR & AfHoR dushA] AT BT ol wet AA forecast A

B2 ggoE 3 Hrie ool FxE1 9l Forecast®= hindcaste} Hlwdle] Adso] v
L Ao MEZFHOZ RYFEI om, 7 YoloTE= FE FAol o], HFFr] AEF H
243 HHe] Wl o] A&EE YrkShao et al. 2023; Zhang et al. 2022).

Forecaste] A%< Aoz Hr3 A3y AT 718, A, 1151’4 = 5% 22 o7
of th3t o= A% Hti= El Nino-Southern Oscillation (ENSO) o= A %S FE H7135l%
A

H4 )
1, ZEH AFZ forecast= hindcaste} vlws) B A7} ‘50% A A EAdo]l YAY
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EolAsltty HrpsldthBarnston et al., 2019; Scaife et al., 2021; Ehsan et al. 2024;
Landman and Barnston, 2025).

B AFdME Ad dF 2499 forecasts: Aoz AZFsan BT F Q)
7198 s 7IAE ALt AT FEAAH G H8EE ¥ola I4F 4
Z19HE mEsta Sk 9 71$ oS mEdA F8 oY) I

o]& Tt FX 02 AF3te] forecastll Al B& Ao ARt oAGA UEREA
156 AGAoE AAss HARES HF obX o2 /W83t 7] Forecast
T 71 AA e 23 mEl A5 W3 FolE Feofpste] Ay eFAA =l A Al
hindcasti## 3t o} 2} forecastll M= s Aol AAR o] FoAA=A] FAstal, AR A

Hlzo) HkZQl FH S ASHoR RUHPYT 5 AEF st

5.2. A% 2 "

Lo H
N

52.1. A=

APCC MME o] /M nd 2159} 7144 71FdSA 2869 GloSeabGC3.2 AR E YA}
B2 ALY Y. MME o] /Erd e MMEE 93] EF3d e ASE AMEsHoed,
g Ar&= APCC CLik (CLimate information toolKit)S EsiA = 3T 4 Aot

A" ARE FR}A o, forecaste} hindcast, 183 389 =& 3
&l 7h-A1QF 8HE &3 (gaussian distribution; gaus), 3= xH(standard deviation; sigma),
9 (quantile; gnt) A5& FF st AFE-sEA T GloSea6GC3.2 Forecast Ak=& 20223 1€
3YFE 20249 12€ 3197kA wlF €8 %78 AEE AFESIY T, hindcast A5+ w2
1, 9, 17, 25¢ =7|3}et 7B, GE BoH ASE AMEsIAT A5 FEHE EF
Grib2 o]t} (Table 5.1).

Table 5.1. GloSeabGC3.2 forecast information
used in this study.

GloSeabGC3.2
i every Monday from 2022.1.3. to
nitial 2024.12.31.
ensembles 42 (~2022.9.) | 84 (2022.10~)
lead-time 6 months
resolution 432 x 325

2g HFo AgE AEAARE= ECMWFE Reanalysis vb (ERA5; Hersbach et al., 2020)<}
OISST<] Monthly A5 o]t}
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5.22. HE

dE&zs HFo AMEE wHELS WMO guidance of verification of operational seasonal
climate forecastse} Thw 4@ o)A & Lt &-831% T

O

- https://cawcr.gov.au/projects/verification/verif _web_page.html

&4 o Z(Deterministic forecast) A% WHOZ Anomaly correlation coefficient (ACQC),
Root mean squared error (RMSE), BiasE, €& |Z(Probabilistic forecast) A% WHO=E
Ranked probability skill score (RPSS), Relative operating charateristic (ROC)E A3} T 3%
9 Zhelag] o= thsA= Accuracy (Hit Rate)$} Heidke skill score (HSS)E AH&3lict. 2zt
AE W g AL S o3 2o

Y (F— F)(0-0)
S (F—- 7)Y (0- 0)

ACC =

M& ZHel el o) &, p,= 59 7Helaigl e &&, o, #5H 7He el¥ A A ZKH0=no,
1=yes)o| ot

RPS— RPS,,; . RPS
0— RPS,,, RPS,,,

RPSS=

7HaLE] o5 230l g FE(Table 5,28 3 A4tk
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Table 5.2. multi-category contingency table.

Observed category Total
i,] 1 2 k
1 N(FP 01) N(Flv 02) N(Fp Ok) N(Fl)
Forecast
Crieoiny 2 N(F,, 0,) N(F, 0,) N(F,, 0,) N(F,)
k N(Fkv 01) N(Fkv 02) N(F/g’ Ok) N<Fk)
Total N(Oy) N(O,) N(O,) N
1 &
Accuracy = —= Y n(F., 0;)
N/=
1 ¢ 1 ¢
NZ%(FZ, 0;) — FZNU@)N(Q)
Heidke skill score (HSS) = —— =
1- Y N(E)NO)
N =1

53. A%

5.3.1. WA A7)

2 AFdAE &Y dF5ED Y forecast B5<S B7Esta B7F AHE AAH R A A S}
= WAEES 2t dold 712 E fEetih(Figure 5.1). 7]1E forecast A5 A7-llA
539 A% 7, sl 25, AE, AYLE 5 F8 U] dgel did A AS
23015 gt EXo= AFstart siden, 5 Zad w2t ¢ g2 WHeek A5 U
= F71E F AES H7)1A FFAEe FAdsHA skt forecast AlE 713F AA AX 2L
o] A5 W3} Fols dofsto] A-R Au| 2o HAREH]l FHE ALKH oz A F 3
or, 2d 7fdoly AMEL 7]&o] HL&FHH hindcast¥® oy} forecastdl A= %5 7lAlo]

4
A 2ol o2 FAY 5 Y= Fus Bk

o
ol
X

rr

AA R o] FoX]
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Forecast Reanalysis

v v
Config

run_all

Preprocess

run_preprocessing

L

i o i ‘
run_obs_preprocessing run_model_preprocessing

run_categorize

¥
tercile one-hot

Evaluation

run_indices

L3
10D index

v
ENSQ index

¥

run_analysis

. 4

deterministic scores probabilistic scores

QUTPUT

VsualLat'oﬂ

run_plotting

v

Plot definitions
PLOTS

|

DashBoard

Figure 5.1. Flowchart of FcstVerif python package

5.3.1.1. 874 A(configuration) & A3}

= =, A forecast A=2] 7|3t
s mel hindeast 713k AFE FAFLA S V12 BFAR JF A AFHLA 9
s 3

7, 2gjar 2o wet =24 Yeivs ¥

CWao we} A4 4L WALES

Agutde el ZTEA A Mun_allpye 39 Z2A~  47)(run_preprocessing.py,
run_analysis.py, run_indices.py, run_categorization.py, run_plotting.py)2 TFEH T} Wl ZZA|
2= QoA 2} 9] ZEAAE Adsts Ao g AAHJOH(H D, W ZEAAE o
= WHOoE APAZIT
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$ python -m fcstverif.run_all [--var {var}] [--region {region}] [--run_mode { ‘auto’ ,
‘manual”’ } [--debug]

Lo A5 Y LEALE ABHOE AYsHE A= sHssteh

$ python fcstverif/run_{subprocess}t.py [--var {var}] [--region {region}] [--run_mode
{ “auto’ , ‘manual’ } [--debug]

5.3.1.2. A2 A (Preprocess)

Asol Abgstr] ARt 2l ARz Wdd AdS A=k Aot
GloSea6e| - dH&(lE T=9-17d Aehe] dad f\ﬂi‘r)iﬂr ATEOE wpA S
dad =73 X} E 7Y F I=F AAY HAAHAA [mld =2 [lastz AHEA 4=

8 A3 AYPrcryt ‘AE’ o2 HAAEYOW  ‘last’ = 4‘1215101 YAt £ HYE
$3l Grib2 Fefd AE+= NetCDF Fej2 WHEH} GloSeab A=+ 71438t 338 A=
5 AREES7] Wil oln ZIESA AHerb Hojdew, forecast 2713t @At B
hindcast 257} A4kE o] 9t} GRIBZ 249 A5 & 9o W BRE H7|A Y E£F HTE
g3 5, z+ %27]3} EHulc} ens-init-lead-lat-lon & e} 2] NetCDFZ #HE 3o} =3 4 7]
L3k, EFHA tercile YA Zk(perturbation 100/101) 59] hindcast SAE FL3 F+x=2 Wl
3k, anomalyE A Ad gkt

oBL

APCC Fo{ x4 configel AAH FHol wet A7t AP 27|35 d¥=E A5
S WEgy Y-S 5L, AEE ens-init-lead-lat-lon Fx=Z Auj L3t} 2l =€}t

| *Wl%—‘l FAF=EE A HEE Xq%i‘rf?}l, A 2713k sl AEAAE HEE A ARS
} target gridE AyA$t}. Hindcast Al5 = thdx dolEE 2o} €9 7|3 gk(climatology)<t

oo

REUAE AN 5, A4 forecasts] oIF Aglel DA £AE ARLsT FAS AAA
= Waat olg wgoz sFg sute] ERUAe B 4B 34 AYIT) iy
uto 2 anomaly® A4kl RE dloEy}t ABH Tz AZET, olF AE . Az wol
szl 4y 88 5 JEs A,

AL A= ERASS OISST AHg+ oS 2do| Aol J#d 2oz wHagit, Hey
H3 Y 55 ZFESeta, 2d hmdcastOH/H Hold target grid2 A& BRI 3 H, A=
715 712kl Uid ¥ 713 g BFHAL tercile AAE €A 4AEJT o] % anomaly thd
717t A AEEE ZHPULOPL anomalyE A4k, ARt &% HF - Jdd &87bF
SIEE 3t 3, s4H 25 ARE AAAS) o]l A& sst BEE o] &3l 3l Htrue)/ S A
(False)& Y EFH = boolean land-sea-masks A k= o] F7ieT o|E4 FestVerif %
ol zeilo A 2dl oS3 A Hlu 7beet d3E #F S ATt

AR WROA ATHE RES
2% ARstel §AY F Yk 53
de7t 5% B2EE, Asa7 A3

g RES
g 8o AS AgAuITE AHLEE md ASE
AA W & =
T2 F7Mete 4ol E448d F Atk

HE 99 2o FaE Audss
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5.3.1.3. ¥4 A (Evaluation)

o] WAL ANE FYL A HolHE o3l 3% AHuny £F % 4F, 2 ©F
q@w¢4@%;92%@@w@qﬁ%gﬁngﬂiEE@mQKm>ﬂT%@a,@%a
v A e g

@
N
to
Nk
Y,
>
i)
|n
o
2
T
1=}
R:3
%
N
oL
N
=)
o}l —'~
ru[o rlr
'L
b
ot
g0
ot for 4
T
kY
(M ox df oo

)
El
=2
o
o
=
s
=
o0Q
(@]
=
(@)
<
—t+
o
=2
IO
nﬁ b r?ﬁ
i)
o)
ol
ol
K
O M

Aggt. 24 9, e

””ﬂ H‘ﬂﬂ o JJr S Oﬂz As5S TA
A5 H =3 NetCDF(ensScore_det_*)& *&3+c}.

=2
o
-
s

FEEZ 2Z4s Hrtete REdAE A9 FEASH B35 one-hot BFE ol &3 &
EAS ARE A& nBRIHAE 5% #F9 3% 4 9 E LAXI F, UFEE
(reference=1/3) thH] RPS (RPSS)¢t #l=x®F ROC FA43 AUCE ALtgoh ALtd Ad=
NetCDF, CSV #Hl2 A &3ttt

g o 2 SlFHEEE o83 ENSOS 10D |45 Aktseta, A5 7Nk d34%5S
Wrreth AAE vk g (e): Nino 3.4, 10D West—east)°ﬂ 3l sl H>% anomlays F3H%
ot 5 At o F AFE Adsta 27142 pumy}t FA 27149 AHS D EA
Ela= /\1741‘1‘ ACE /‘3&5}3}. E TF S VIR #5-9F A2 ACC, RMSEE H7hst

5.3.1.4. AZ+&} A (Visualization)

o] A AE A GA A ALA ~Foj¢ anomaly AEE 7|Hto g thakdt )
d9E A AT o dAe Al A~3HER run_plottingpys AR IIEFH
enabled_plots &|2=E& ¢joje1 7t FPHE A3 F+E5 SE3IHTable 5.3).

I o
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Table 5.3. Types of plots listed in ‘enabled_plot’ parameter in configuration.

1) detailed plots

init_line nf Z7]3h4 wit} lead-time™ @)= A5 (ACC, RMSE)
target_line target montholl ™3l lead-time® WA= A 5(ACC, RMSE)
target_pattern target monthol|l 3l lead-time®™ Bias

rpss_map W 2713k vtk SEAS A5 RPSS

roc_curve v 2718k wit}h gE S 445 (ROC + AUC)

2) overview plots

traj_skill EE forecast? lead-timed =4 %(ACQC)

td

traj_line E forecast? lead-time®¥ o|Z Anomaly®} lead-1m¢ ACC

e
H

init_heatmap ¥ forecast?] @45 A% heatmap (ACC, RMSE)

ki

cate_heatmap A=Y forecast? 3EY o= A% heatmap (HR, HSS)
3) climate index

nino34_hovmoller Nino3.4 hovmoller diagram

iod_hovmoller West-I0D, East-1I0D A% 2] hovmoller diagram
skill_relation 2do] ENSO d=7%¢) t7|Hs d=44%59 34

5.3.1.5. tjA] B =(Dashboard)

o] =g FestVerif A spolze}elel HF EHES ¢ tHARE FE2 AHEAAA Al
st A9 Ul #@olo] ot Streamlits o838 78 o] fEgAldL HANAE T3l
AEE Ee O3 AdS HF E2e FAEE 722 Holdo O 3de 2ZAH A
ddstAY Bag 4% GitHub A5 S8l 22l AZLcdA AR 221& 5 o), AEA
© BE9 B HIoly =22 A3 glo] oA AxE AT & Ao

2AAAHAANE ol BHAE T3l HANEES 7542 F don, 282 HIol E8
7% streamlitel] AF82F 5% % community cloudE %3 deploy 3l= %402 7}53lt).

rok

$ streamlit run dashboard/app.py

] 2 =(Overview, Detailed plot, Indices)Z T4 =™, Alo]=nfol A W
Y, A5, 4 AdY3td SA t$stes 189S 23T Atk =S “Guidance” FH oA &

)

AR E ALE W 71X & AW3t= Markdown 245 WAste A5 AREA7E E-8-3517)
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¢ Deploy

Seasonal Forecast . .
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Trajectory by Initialization (202201-202412)
Line = One Initialized Month, bar = ACC@Iead-1, Region: GL, Var: t2m
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Select Mode: 12 @.75
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- Target Month
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GL v
ACC Timeseries (202201-202412)
Each Line = Anomaly by One Initialized Month, Region: GL, Var: t2m
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Made with @ by Gaeun Kim
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& GitHub: gkim-TB 00
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ACC skill by Init

ACC f RMSE Heatmap HR/HSS Heatmap
{Region: GL, Var: t2m, Year: 2022) (Keg?nn GL Vnrftlm \’!EF!BZZ]

06 8

Figure 5.2. Web dashboard. Snapshot of ‘Overview’ mode.

Overview REx REo XS tixzxow Qo HoaFs ANGER T o
anomaly®] #& 3 lead-1 ACCE A3 trajectory by init 3@} ACC 2=Z AA<L ]
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Rl AFAY LFATE HA BRE Ao 55F YE/AEEH HEEEs wMEA 9 T
55 AA = A HFigure 5.2).
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30 Ay &odv
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Seasonal Forecast
Verification Dashboard
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Figure 5.3. Web dashboard. Snapshot of ‘Detailed plot” mode.
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(Figure 5.3).
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(Figure 5.4).
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Each Line = Anomaly by One Initialized Month, Region: GL, Var: sst

— hit0l —— Iit03 —— Init0S —— Iit07 —— Iit09 —— Init11
Init 02 Init 04 Init 06 Init 08 Init10  —— Init 12
0.8
0.6
]
<04
0.2
0.0

2022-01 2022-05 2022-09 2023-01 2023-05 2023-09 2024-01 2024-05 2024-09 2025-01
Target Month

ACC Timeseries (202201-202412)
Each Line = Anomaly by One Initialized Month, Region: GL, Var: t2m

= |nit 01 ~— Init 03 = Init 05 = Init 07 = Init 09 = Init 11
Init 02 Init 04 Init 06 Init 08 Init 10 Init 12
0.8 a\
0.6 \ / ‘\'\v
./‘ \
O 0.4 \\
¥ v ]
. /W
0.2 \
0.0 '
I

2022-01 2022-05 2022-09 2023-01 2023-05 2023-09 2024-01 2024-05 2024-09 2025-01
Target Month

ACC Timeseries (202201-202412)
Each Line = Anomaly by One Initialized Month, Region: GL, Var: prcp
—— INit01 —— Init03 —— INit05 —— Init07 —— INit09 —— Init 11
Init 02 Init 04 Init 06 Init 08 Init 10 - Init 12

0.6

0.5

0.4

0.3

ACC

0.2

0.1

0.0

2022-01 2022-05 2022-09 2023-01 2023-05 2023-09 2024-01 2024-05 2024-09 2025-01
Target Month

ACC Timeseries (202201-202412)
Each Line = Anomaly by One Initialized Month, Region: GL, Var: z500

—— Iit0l —— INit03 —— Init05 —— Init07 —— INit09 —— Init 11
Init 02 Init 04 Init 06 Init 08 Init 10 Init 12
0.6
0.4
3
< 02
0.0
-0.2

2022-01 2022-05 2022-09 2023-01 2023-05 2023-09 2024-01 2024-05 2024-09 2025-01
Target Month

Figure 5.5. Forecast ACC trajectory of global Sea surface temperature
(SST), 2m temperature, precipitation, 500hPa geopotential height. Global
SST is calculated from 60° S to 60° N.
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Figure 5.8. Anomaly trajectory (lines) and ACC of lead-1m (bar) for East

Asia SST.
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OBS vs FCST by LeadTime
(Target Month: 202301, Region: GL, Var: sst)
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Figure 5.9. Global SST forecast field targeted January 2023 and its bias field. (upper) OISST anomaly of January 2023, (middle) forecast
anomaly for January 2023 initialized from Jul 2022 to Dec 2022, (bottom) bias fields.
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Figure 5.10. East Asia SST forecast field targeted January 2023 and its bias field. (upper) OISST anomaly of January 2023,
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Lead 1 months: SST vs ACC (ENSO, t2m) Lead 2 months: SST vs ACC (ENSO, t2m)

3 3
° ol ®
24 [} 24 e
& % . &
°® °
i 14 ° ° i 14 @
2 ® g °
= =
= @ - (o]
> 04 @ o 2> 0 (o] °
: LY : "
S o © (5] ) o o
= 0%@@ s % 0 o
51l ® 51 o © 9
0 (e} n
°
—2 -2 1
-3 : v : v r T T -3 . . T T T T T
-1.00 -0.75 -0.50 -0.25 0.00 025 050 075 100 -1.00 -0.75 -0.50 -0.25 0.00 025 050 075  1.00
ACC ACC
3 Lead 3 months: SST vs ACC (ENSO, t2m) 5 Lead 4 months: SST vs ACC (ENSO, t2m)
° [}
@
° °
21 %o 5] o°®
[ ] ° ®
—~ ° ~ )
S 14 o ® 3 1 °
m m
2 ° 2 ® o
£ ° = °
°
> > @
g -’ £ s
2 o o 2 -
° oo %0 - 0 © o
B -1 %o * 9 =17 ° @, o °
° °
2] -2
-3 T T T T T T T -3 T T T T T T T
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 -1.00 -0.75 -050 -0.25 0.00 0.25 0.50 0.75 1.00
ACC ACC
3 Lead 5 months: SST vs ACC (ENSO, t2m) Lead 6 months: SST vs ACC (ENSO, t2m)
3
¢ ° °
og P’
2 ~ 21 °
® °
°
= ° ° [}
< 4 < 4
) 1 ° ° " 1 e
o [} o
£ £ °
£ 8 M e
2 ) S o 08%o
© ° @ ° (<]
= ° =
o °
°
2 o
-3 T T T T T T T -3 T T T T T T T
-1.00 -0.75 -0.50 -0.25 0.00 025 050 075 1.00 -1.00 -0.75 =050 -0.25 000 025 050 075  1.00
ACC ACC

Figure 5.11. Scatter plots of Nino3.4 intensity and ACC for global t2m by lead-time.
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Figure 5.12. (upper) Scatter plots of ENSO intensity and t2m ACC by initialization. (lower)
ENSO index plum at each initialization. (left) initialized at August 2022 (forecast for
2022SONDIJF) (right) initialied at March 2023 (forecast for 2023AMIJJAS).
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Figure 6.1. Forecast skill relative to forecast range and main sources of predictability
of weather and climate forecasts (Adopted from Lukas and Payton (2020)).
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Figure 6.2. Historical global average temperature change and
ENSO.
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Figure 6.3. Major climate variability modes affecting the Northern
hemisphere mid-latitudes during summer and winter season.
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A TNE FEF e, o SARFCSTe -5 1€ 5671(7-day X8 SKEB2), 3702 8471
(21-day x4 SKEB2) ¢7dE= 4 € HTable 6.2).

Table 6.2. Description of previous and current climate forecast systems operated by
KMA.

GloSea5-GC2 GloSea6-GC3.2

Atmosphere GA6.0 Uma.6 GA7.2 UM11.5
Model Land GL6.0 JULES4.7 GO6.0 JULES5.6
Config Sea-ice GSI6.0 NEMO3.4 GSI8.1 NEMO3.6
QOcean GO5.0 CICE4.1 GL7.0 CICE5.1.2
Atmosphere N216(60km) L85
Resolution
Ocean ORCA025(0.25) L75 eORCA025(0.25) L75
Period 2018/6~2022/1 2021/11~ E;
Atmosphere KMA NWP analysis _;'
FCsT Land JRAS5-JULES ERAS-JULES E
Ocean/ UKMO NEMOVAR KMA NEMOVAR 4.
. Sea-ice -é
Initials .
Period 1991~2016 19932016
Atmosphere ERA-interim reanalysis ERAS reanalysis
HCST Land JRASS-JULES ERAS-JULES
Quean) UKMO NEMOVAR
Sea-ice
Initialization Everl day E
60-days ,;
FesT RUA 7-days lagged (4 SKEB2) 7-days lagged (8 SKEB2) i
6-months E:
RuN 21-days lagged (2 SKEB2) | 21-dayslagged (4 SKEB2) &¢
-
Er
Initialization Every month (1,9,17,25th)
60-days
HesT Aun Closest 2 date (3 SKEB2) Closest 2 date (7 SKEB2)
6-months
Run Closest 4 date (3 SKEB2) Closest 4 date (7 SKEB2)
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CrEMA

(Climate foRecast model Evaluation & Management system by APCC)

@ oMo A 2&

Figure 6.4. Components of skill
system.
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Table 6.3. Monthly/annual mean temperature/precipitation, anomalies, and rankings of the
Korean Peninsula emphasized during summer season.
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Figure 6.5 Correlations of 200hPa geopotential height and sea level pressure
anomalies with circumglobal teleconnection (top) and Pacific-Japan pattern
(bottom).
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Table 6.4. Comparison of climate index calculation

methods.
Feature PCA-Based Station/Point-Based
Type Data-driven, muitivariate Fixed-location, univariate
Mode patterns + . . . .
Output time series (PCs) Simple index time series
Spatial Coverage  Full field Specific points or regions
interpretability May mix processes Easier to interpret physically
L Often shorter (depends on Often longer [station
Historical Length . f4ded data availability) data available earlier)
Use Cases Research Monitoring, operational indices
= 1=}
o] =2} R A(ERAS)

4 4
2{a 4 9 A 2
ey £ N M S ;
-2 T -2
-4 i -4
;ovg 16MAY 10UN 16JUN L 16JUL 1AUG 16AUG 1SEP 16SEP 10cT ;ovg 16MAY 10UN 16JUN L 16JUL 1AUG 16AUG 1SEP 16SEP 10cT
4 4
2 o 2
e st g, | 5T o) g | g e
-4 -4
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4 4
2 - 21 R S
o8 Y S NIRTL TR WA AP R R
-2 i -2
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Figure 6.7. Daily indices of circumglobal teleconnection (left) and Pacific-Japan pattern (right).
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Figure 6.8. Daily (gray) and weekly (black) indices of circumglobal
teleconnection (left) and Pacific-Japan pattern (right) with defined events
(circle).

AEN A7 A QW AFAFE 7Y BEsa, A5} +lo BEARRTY 29 % 9
C-lo EEHEANT Aom g0 4 olMER AolsTHFigure 68). 7Y FEL
MEAES AASL, F-AM ARFRS AEE RESWA IF A7 ol ¥ A

I 2022~2024'd A EZH 635 <t 1839 <&

4 AAT ARGV 103]9] o] 94 BBF-LE JMES B SATHTable 6.5)

l

Table 6.5. Classification of circumglobal teleconnection
and Pacific-Japan pattern events by year and phase.

[ +CGT ] CGT l +PJ l -
2022 05,0630~0721, | . 2022 | 0630,0728,090L,0915 | -
0901, 09220929 2023 0727, 0831 -

2023 | 0622,0713~0720,0914 | -

2024 | 0606, 0725,0912~0919 =
2024 | 0520, 0725~0815, 0926 -

AAF AA4T HEHE Folrote AFH 7%, 53] AT, 7I2d 8% 4TS v
Atk AR AZHL Fotrol A 17|18t HAE FEste 7|2 AsS 2d0T + A
o o 9 HAATF dFFHL FolAlol AHAA A BEHG U s 2 & A
ot Zhang et al. 2012)= AAF dA4Ho] ERF AHEY 7|2 AeH ZHEE AIA
g B3lo AX T dAGEE AE5EH 75 dHES S A DB iR A FH9E o

A AT E Aoz Yelgth Wu et al. (2017)& AATF GAGAFH0] Folrole] o EH
7% WEARe & 9FES HAY, Feet e Wil F8a%
Thompson and Wallace (2000)= AT ¥&g3o] Fotrlol Ewo FFS vA, 4&5H %

- 132 -



o
4,
I
g
(2
o

(]
ofy
fo
e
(o
rO
ofy
ol
A
)
kl
it
;ﬁg
0

MG WON TSN WL teL WG teWe 1S ter 1007 T T TR TR T TR TR T T
3 2 20
15 1 I 10
o1 0 ~A . N ' m /0m |
-15 -1 _10
-3 -2 0
;gl‘! 16MAY 1JUN 16JUN 1JuL 168JUL 1AUG 16AUG 1SEP 16SEP 10CT ;ﬁg 16MAY 1JUN 16JUN UL 16JUL 1AUG 16AUG 1SEP 16SEP

-1.5
-3

;&! 16MAY 1JUN 16JUN L 164U 1AUG 16AUG 1SEP 16SEP 10CT ‘260MZA4Y 1JUN 16JUN oL 180U 1AUG 16AUG 1SEP 16SEP 10CT

Figure 6.9. Daily (left) and weekly (right) variation of circumglobal teleconnection and
observed temperature anomalies over Korea.
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Table 6.6. Correlation coefficients of  circumglobal
teleconnection index and summer climate anomalies over

Korea.
COR(Daily) 2022 2023 2024 TOT COR(Weekly) 2022 2023 2024 TOT
CGT  T(KORs,) -0.14 0.01 -0.16 -0.11 CGT  T(KORg,) -0.13 0.28 0.00 0.01
Tun(KORsry)  -0.19  0.07 -0.16 -0.11 Twun(KORg)  -0.22  0.35 -0.02 -0.01
Twx(KORgy)  -0.05 -0.02 -0.10 -0.05 Twx(KORgy)  -0.05 0.08 0.04 0.02
PR(KORsy) -0.01 0.10 -0.05 0.00 PR(KORsy) 0.08 0.10 -0.45* -0.13

U8 HAT AT A5} Fopalol Z1F 2 AAAA Ao BAE Awuw 2022-20244
Bk AT AASBL BPEAOE Fopol B e of 49 AW o FAHH,
8 AR ol AE B4 ABRWAE ML Ao olsst BAsh T
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Figure 6.10. Daily (left) and weekly (right) variation of Pacific-Japan pattern and observed

temperature anomalies over Korea.
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Table 6.7. Correlation coefficients of Pacific-Japan pattern
index and summer climate anomalies over Korea.

COR(Daily) 2022 2023 2024 TOT COR(Weekly) 2022 2023 2024 TOT
P) T(KORgy)  0.11 0.06 038 0.18 Pl T(kORg)  0.05 -0.09 041 0.2
Tun(KORs) 012 0.15 033  0.20 Tun(KORsn) 011 0.02  0.50% 0.22
Tux(KORgy)  0.06 -0.05 0.28 0.09 Tux(KORgy)  -0.04 -0.12 025 0.01
PR(KORgy) 0.01 012 0.08 0.09 PR(KORsy)  0.00 -0.05 031 0.12
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HAap = %*—19* el A ARPE 718 715 SR o SARANA YEhE dir] 9"
ol Ass AHRUtHFigure 6.11). AEA ABdAE o A AATF LFET oHE
A AL A7) mAe] Fo SAYAATE A A, TEeHAoL sokAel Ful 5 5
Aol FEskA et oy, 7|FqSEE A SAA s 2F A8 9
Ha SAAATE @A Ae
HAAAFPCOE Fall =4 ¥

o

GS6
FCST

e i g IS AR
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+CGT{18/63) {R: ERAS / W1~8: GS6 FCST 1~85 {8 0fl55)

Figure 6.11. Composite of 200hPa geopotential height anomalies during positive
phase of circumglobal teleconnection in reanalysis (R) and climate forecast
system (W1~8).
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Figure 6.12. Predictability of upper-level atmosphere in the Northern
hemisphere  mid-latitudes  during positive phase of  circumglobal
teleconnection.
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(Figure 6.14).
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Figure 6.13. Composite of 850hPa zonal wind anomalies during positive
phase of Pacific-Japan pattern in reanalysis (R) and climate forecast
system (W1~8).
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Figure 6.14. Predictability of lower-level atmosphere over
western North Pacific and East Asia during positive phase of
Pacific-Japan pattern.
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Figure 6.15. Predictability of circumglobal teleconnection and Pacific-Japan
pattern indices based on forecast lead time.
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Table 6.8. Monthly/annual mean temperature, anomalies, and
rankings of the Korean Peninsula emphasized during winter
season.

WAE(c) | -08 -01 77 138 180 224 259 253 210 140 96 | -14 | 129
BAC) | 400 | -13 | 416 417 | 407 | 4.0 | 413 402 | 405 | -03  +20 | -25 | +04
solMed | 19 3 3 2 9 3 8 W9 12 2@ 4 9

7%
N

DAWEHC) +03 | 413 | 433 10 406 | 409 +09 413 421 404 403 13 +

29| 18 | 10 | 1 21
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1
1

(::4
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712(t) 08 | 41 | 69 | 149 177 | 227 | 262 | 279 | 247 | 161 | 97 | 1.8 | 45
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29 [6 1| n 1 % | 1 5 1 1 2 3 |19 1

712(c) -02 | -05 | 76 | 131 | 168 | 229 | 271 | 271 | 23.0 | 166
oAWEC) +0.7 | -7 | +15 | +1.0 | 05 | #1.5 | +25 | +2.0 | +25 | +23
=2 14 15 7 10 33 1 2 2 2 1

m - BT 8 WUEZH1991~20204) | W7 SUERC =S DM mEprt o

5

[l

e ol AL 7|F= ©Ed] AGFH VY QJETE, BR SHE-19E dY] &

gh, sl AEl, A8 5 R 71 WEAY dFe et 3 AFedAes A A
g 4S5 T, 500hPa A=A HAT A+d F8 Ri=r B IFo] AuAds
grela, =3 9 2= gl -5 3" (Pacific-North American pattern, PNA) frefAlof 3|
(Eurasia pattern, EU), BthA e 25 North Atlantic Oscillation, NAO) & thek3k g€ o] el
), o] dglo] It ASH 7L HEAY 52 ATE BTy RuFHYy. 5, Rl
ot I

Ag 7lee BY AHEtE 98 R4 mEo 2% 3o A7E 94 HHol ot
_% =]

ARGl ), ool TS A 2 A

ol

oA YEldE thr] 39 Fo WE Rt F g, 500hPa AY1E & aHr| g
FAE 44 yeldokFigure 6.16). %E‘r/\]o} Ee 9= 7+ 17)9-A 7 WAy B2
2, A7\HA7IEe] A ¥t & 2FL vk fEAlol HEE B3 AeH, fepalot
59 Wz e st Aol 17 EE s fy-obxor AH9 Fut g /7]
HES UHS #o] AT AAZT A3 AFdAE o] HES Tl FxS 2FF Fot
Aot Ae 7% HEAEe A9t e A7t AT =3, fFEkAlor AH9Y rted v HY ©
ol o]lF ALH FUAY JAEsH EAASFFeEAol 71Fol dF S Fohe A5 SASH
=, fretdol e Bt lF Ao S49 9443 muEgt & 5 3, 55, tiAY, H
BY 5 FH 84EHY 58S ot AH 7FE 2Hse 4% REolth
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Figure 6.16. Correlations of 500hPa geopotential height
anomalies with Eurasian pattern (top) and North Atlantic
Oscillation (bottom).

B 15 B oA otzxd 2~ 17 (Azores High)3 ofol&ett A7t
(Iceland Low) Z+ a7t 71 &7]2 WES WYstes Riolth BUAY 5 BUA U
AE 717/, FF EF(storm track), A& AES] A7|e} Ao A IS FH, F1, 57
s, EUAEF Ak ALH 7So AR FEFES v SUAG s FY A
v AR AZFo] AFEH SRS AEV FEHROE XeAH, HHH-5H] Sl Foid e
2 2dsta 53 AL dPske v, Fadgely AFd AH9E dxsta Be 5 WS
S FAA = AEFE BAT W E S99 AolAe AF ok AE P, EuAY FF E
g oF3l Fo2 O dF A9 /¥ HES A= OvE EUAY s AEAAH
FFE wlf IAH, §FH AE4, T, ouA, ALY, FH, AF 59 SHAAA F

frepalel S| A s AEEoHT5E, 55°N) A3 2~Zheun] o/ EHE(20°E, 55°N) A <
b 500hPa A9k HAe] A= ALEW, BEAd AF AT obx2d 2(70~10'W, 35~45N)
A3t ofo]&ETE(70~10°W, 55~70°N) A& 7+ 500hPa A9l = HA=Fe] 22 Al4keE th(Figure
6.16). fretAlol HE T EiAY A AFE HEsta JeHS B4 5 A9z A
o] 7|FdSEE AAAE UiE A dFde duEE, fhaor tiE Akl fiA|sk=

ES) A9 FF AT S0 e g FAY % ArkFigure 6.17).
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Figure 6.17. Anomaly correlation coefficients of 500hPa
geopotential height between GloSea6 hindcast and ERAS

reanalysis.
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Figure 6.18. Daily indices of Eurasian pattern (left) and North Atlantic Oscillation (right).
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Figure 6.19. Daily (gray) and weekly (black) indices of Eurasian
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Table 6.9. Classification of FEurasian pattern and North Atlantic
Oscillation events by year and phase.

] +EU [ -EU +NAO -NAO
22/23 |  1215,0119,0309 22/23 229, 0112, 0209 1208
1979 19141271 ~
23/24 ,1130,1221,0118 | 0111, 0201 23724 | 1214 ;4.252, ;}2125 0201, o
24/25 ,0109 , 0116, 0306
24/25 , 1219, 0206,
0227, 0327 »0109
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Figure 6.20. Daily (eft) and weekly (right) variation of Eurasian pattern and observed
temperature anomalies over Korea.

Sung et al. (2009)& ¢ frefAlol ARl A S Vo2 AP/AA FHE £4& 73
stRel, dol 9 wEtAlol WEe] A o] % of 3 ool FotAotellM 7] FAFSHI
) oJHEZ} RIHSHA TG = Ze BHidn. 22 dTolA 25 Hstet 9 A3 urE e
ol BFHUL, ole 4T 44T Held BE st t7] & WL I} F7)9 dEt=
oA = WMAUEES AT & AFNAE etk HEo] FolAo Ae Zee =4

A, Alele}l 3719,
=@, Ferilel dE

o
W3 oWl ES] MY FES wolv Wokd 98e & o AFol AANHNH.

ekl ob HE ] FopAjol FFS A=l uwel, = 1G5 B A, A=, dd
£5 D)ol w2t g=2n. A, kAol dEe] FRE Hde HolA Ay dEo] sof
Alob AG7AA MapE A fod, IRt 715 fo|ud Gl gle o Atk old WAL

- 142 -



< APAH dF9 of e rdt. Az dF A BHdNAs BE T3 oHETL
ShAjol WiE 97 WEkel A sHA] Fertal dFdET. Fotrlor Ae 7|Fole ©@es] FEtA
of RNt ofyzl, H= E, Aol 7|9k, AR AHE, s FEHEIEE 25,
i W3h) 5 o 8dE0] EEF R oA 53], od o= HF s e Al
b azish Wsirh AL 5 o), FEpAlor HEe] a3t 35y FMEHAY R A=
A7 Bo 448 A MRS VIEeR ¥ B SHEYE 99 9 AF)E At
FARE, A Hatoly A AREFRAA o] Ee] 54 & Ad A ofd 7|5 94
S THASAE ASFse de AV An ol v Alet duke] B nAd A
o] &l tt.

epAjol e RtE627] BSAH Hd) A=d 7IFEHLT
719—4Zi7]9—417]% Az 7F 3B BAE A R HAFigure 6.20), Y 7| FA 59 g
It Asd 715 3 ZddA s AA 713 Hd3 i sol A B YWnh FE AR A
© fretdlol HE e 2023/249 A BH/FH 7] F 2] FBBATE BAHOE FostAl
U, o= )Y 4 fFEkalol sid 2y A dnts B/ H v ZFAa(S7h7E UE
= 2Rt

7

COR(Daily) 22/23 23/24 24/25 TOT COR(Weekly) 22/23 23/24 24/25 TOT

EU  T(KORgy) -0.03 -026 -0.19 -0.16 EU  T(KORgy)  -0.02 -0.43" -0.25 -0.22
Tun(KORsy) -0.04 -0.18 -0.17 -0.12 Tun(KORsn)  -0.04 -0.33 -0.31 -0.20
Tux(KORsy)  -0.05 -0.32 -0.24 -0.20 Tux(KORsy)  -0.04 -0.50° -0.24 -0.25

PR(KORgy) -0.06 0.08 0.09 0.06 PR(KORsy) -0.14 0.14 -0.04 0.07

Figure 6.21. Correlation coefficients of FEurasian pattern
index and winter climate anomalies over Korea.
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Figure 6.22. Daily (left) and weekly (right) variation of North Atlantic Oscillation and
observed temperature anomalies over Korea.
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HAA7| & e A

7] A =}
e ASE 715 3 43T A= AA 71 s g 'SHOHH 25 %E‘r. vz—‘ﬂé /\lﬂ%_‘?ﬁw
T SUAY e 2023/243 AeH HH/HIV 1 BFAZOE {Fo FHAAAE UERY
A F=Th
NAO  T(KORgy) -0.01 -0.05 -0.11 -0.06 NAO  T(KORsgy)  -0.08 -0.18 -0.20 -0.15
Tun(KORg)  0.02  0.02 -0.09 -0.01 Tun(KORgy)  0.02  -0.07 0.18 -0.07
Tux(KORsyy)  -0.04 -0.09 -0.11 -0.08 Tux(KORsy)  -0.14 -0.21 -0.20 -0.18
PR(KORsy) 0.17 0.15 0.10 0.14 PR(KORspy) 031 020 0.12 0.19
Table 6.10. Correlation coefficients of North Atlantic
Oscillation index and winter climate anomalies over Korea.
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Figure 6.23. Composite of 500hPa geopotential height anomalies during
positive phase of Eurasian pattern in reanalysis (R) and climate forecast
system (W1~8).
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Figure 6.24. Predictability of mid-level atmosphere in the
Northern hemisphere mid-latitudes during positive phase of
Eurasian pattern.

2022~2025' 3 A=H FF DA & A MY WF oJHES 500hPa A% H
2 AR B4S Fa A ARPE ZAAH 7FAdSEE dS5ARdA UYEldE tir] di|"
2o AFe A HEJTHFigure 6.25). A& ABoA= %kgl A EUAG s OIH* 1E
A AL AR~ ]ao} Xlot‘ﬂr EOH]
3y dl——rEi B A & OHOE‘OHH A= sjglo]
T A 7S 2D A oFelA YEhU e AsY HEE 1Y
AG s dSA8e A Eolet Fofrof A 9S FAHo=E
" 30~70°N 9 FoE APAIzHE 3
M‘E‘r(Flgure 6.26).
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Figure 6.25. Composite of 500hPa geopotential height anomalies during positive
phase of North Atlantic Oscillation in reanalysis (R) and climate forecast system
(W1~8).
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Figure 6.26. Predictability of mid-level atmosphere in the Northern
hemisphere mid-latitudes during positive phase of North Atlantic
Oscillation.
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Figure 6.27. Predictability of Eurasian pattern and North Atlantic Oscillation
indices based on forecast lead time.
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Figure 6.28. Correlations of 500hPa geopotential height (left) and 2m temperature (right)
anomalies with Arctic Oscillation (top) and North Atlantic Oscillation (bottom).
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Figure 6.30. Composite of 500hPa geopotential height anomalies during
positive phase of Arctic Oscillation in reanalysis (R) and climate forecast

system (W1~8).
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Figure 6.31. Predictability of mid-level atmosphere in the
Northern hemisphere mid-latitudes during positive phase of
Arctic Oscillation.
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Figure 6.32. Mean biases of the 200hPa zonal winds (left) and precipitation (right) in
GloSea6-GC3.2.
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Figure 6.33. Mean biases of the 200hPa zonal winds (Ieft) and 500hPa geopotential height
(right) in GloSea6-GC3.2.
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Table Bl. Directory structure of the verfication framework.
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--- Improvement Rates by Category and Variable for EXP (GC5.0) relative to CTL (GC3.2)

Category: Mean Bias Category: Interannual Variability | Category: Process/Teleconnection
Variable: PRCP, imp: -26.31% Variable: EAR, imp: 26.11% Variable: NINO3.4-NIO, imp: 5.53%
Variable: U850, imp: -16.35% Variable: WNPAC, imp: -1.14% Variable: NIO-WNP, imp: 19.53%
Variable: V850, imp: 4.46% Variable: MW, imp: 30.7%% Variable: WNP-EA, imp: 20.85%
Variable: SLP, imp: -31.34% Variable: PG, imp: 31.28%

Variable: Z500, imp: -50.07% Variable: EAJ, imp: 29.57%
Variable: U200, imp: 24.15%
Variable: Jet-Axis, imp: -50.00%
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- Improvement Rates by Category and Variable tor EXP (GC5.0) relataive to CTL (GC3.2) ---

Category: Mean Bias Category: Interannual Variability |Category: Process/Teleconnection
Variable: T2M, imp: 1©.75% Variable: N-mode, imp: -37.02% Variable: SH-T2M, imp: -B.B6%
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Table B2. Quantitative improvement rates (%) of the East Asian summer monsoon diagnostics
in GC5.0 compared to GC3.2. Note that negative values represent improvement.

Category Diagnosis Element Improvement Rate (%)
PRCP -26.31
U850 -16.35
V850 4.46
Mean Bias SLP -31.34
7500 -50.07
U200 24.15
Jet-axis -50.00
EAR 26.11
WNPAC -1.14
Interannual Variability MW 30.79
PG 31.28
EA] 29.57
NINO3.4-NIO 5.53
Process&Teleconnection NIO-WNP 19.53
WNP-EA 20.85

Table B3. Quantitative improvement rates (%) of the East Asian winter monsoon diagnostics
in GC5.0 compared to GC3.2. Note that negative values represent improvement.

Category Diagnosis Element Improvement Rate (%)

T2M 10.75

U850 -39.93

V850 2.07

Mean Bias SLP -0.87

7500 164.82

U200 7.61

Jet-axis N/A

N-mode -37.02
S-mode -153.41

. MW 18.76

Interannual Variability PG 4210
EAT -15.57

EAJ -16.61

SH-T2M -8.86

Process&Teleconnection AO-T2M -12.57
ENSO-T2M -23.10
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